The hierarchical development of the hematopoietic system has become progressively better understood over the past few decades, aided in part by significant advances in identifying and isolating hematopoietic stem cells (HSCs) and their progeny. 1 Although advances have been made in understanding the hematopoietic growth factors that support the progressive maturation of the various cell lineages, less is known about factors that govern the self-renewal of hematopoietic stem cells and multipotent progenitor cells (MPPs) that consist of short-term repopulating stem cells and give rise to the different cell lineages, thereby impacting the ability to expand HSC and MPP (hematopoietic stem and progenitor cell [HSPC]) numbers ex vivo. Initial attempts at ex vivo expansion of HSCs focused on the use of soluble cytokines known to support lineage committed cells with the expectation that some of these factors also supported HSC proliferation. 2 These studies were based on the belief that cell lineage determination was a stochastic process combined with positive and negative cytokinemediated regulatory responses controlling survival and expansion of the stem cell population. 3 More recently, recognition of factors critical for embryologic development as well as discovery of other novel pathways that may influence HSC self-renewal have led to renewed interest in ex vivo expansion, which has been heightened by the increasing importance of HSPCs in the treatment of both malignant and nonmalignant diseases as well as their use in gene therapy.
Introduction
The hierarchical development of the hematopoietic system has become progressively better understood over the past few decades, aided in part by significant advances in identifying and isolating hematopoietic stem cells (HSCs) and their progeny. 1 Although advances have been made in understanding the hematopoietic growth factors that support the progressive maturation of the various cell lineages, less is known about factors that govern the self-renewal of hematopoietic stem cells and multipotent progenitor cells (MPPs) that consist of short-term repopulating stem cells and give rise to the different cell lineages, thereby impacting the ability to expand HSC and MPP (hematopoietic stem and progenitor cell [HSPC] ) numbers ex vivo. Initial attempts at ex vivo expansion of HSCs focused on the use of soluble cytokines known to support lineage committed cells with the expectation that some of these factors also supported HSC proliferation. 2 These studies were based on the belief that cell lineage determination was a stochastic process combined with positive and negative cytokinemediated regulatory responses controlling survival and expansion of the stem cell population. 3 More recently, recognition of factors critical for embryologic development as well as discovery of other novel pathways that may influence HSC self-renewal have led to renewed interest in ex vivo expansion, which has been heightened by the increasing importance of HSPCs in the treatment of both malignant and nonmalignant diseases as well as their use in gene therapy.
To date, most attempts to expand HSPC ex vivo for enhanced in vivo engraftment in patients have been clinically unsuccessful because of generation of insufficient cell numbers or improper differentiation of the HSPC starting cell population. However, more recent approaches, including our studies using activation of endogenous Notch signaling, have enabled clinically relevant ex vivo expansion of HSPC. Here, we briefly review early attempts at ex vivo expansion by cytokine stimulation followed by a more in-depth examination of our studies investigating the role of Notch signaling in HSPC self-renewal. We also review other recent approaches under investigation and will discuss opportunities and challenges facing this field.
This review focuses on cord blood (CB) expansion, as these attempts have generally been more successful than those with adult bone marrow (BM) or mobilized peripheral blood stem cells (mPBSCs), 4 perhaps related to biologic properties inherent to CB HSPCs. 5 In addition, CB is an increasingly utilized source of HSCs for hematopoietic cell transplantation (HCT), primarily because of its ready availability and suitability for recipients, especially minority and mixed-race individuals, who cannot identify other HLA-matched marrow or mPBSC donors. However, the limiting cell doses provided in a single CB unit have been associated with delayed hematopoietic recovery of both neutrophils and platelets. One approach to this limited cell number problem has been the use of double cord blood transplantation (dCBT), which has improved the rate of sustained donor engraftment but has not significantly impacted the time to neutrophil recovery, with median recovery time remaining between 3 and 4 weeks. 6 Furthermore, delayed neutrophil engraftment has been associated with early transplantation-related mortality primarily from infection, supporting the need for infusion of greater numbers of progenitor cells capable of providing rapid neutrophil recovery, at least transiently, for protection against posttransplantation infectious complications. 7 For these reasons, there has been renewed interest in the adequate generation and clinical application of expanded CB HSPCs.
long-term repopulating cells after 4 to 21 days in culture. [8] [9] [10] [11] With the expectation that these committed progenitor cells would enhance absolute neutrophil count (ANC) recovery, cytokinemediated ex vivo expansion methods have been translated to the clinic for autologous and allogeneic uses. Initial clinical trials used mPBSC-or BM-derived autologous CD34 ϩ cells cultured ex vivo with various cytokine cocktails for 10-14 days followed by infusion of these cell products following high-dose chemotherapy. Importantly, these trials demonstrated safety of this approach but achieved either modest or no effect on time to neutrophil recovery. [12] [13] [14] [15] In a trial of cord blood transplantation (CBT) in individuals with hematologic malignancies undergoing high-dose preparative regimens, Shpall and colleagues used a 3-cytokine cocktail (stem cell factor [SCF], thrombopoietin [TPO], G-CSF) to expand a portion of single CB units where the nonmanipulated fraction was infused on day 0 and the remaining fraction was infused on day 10 of expansion. 16 Although modest progenitor cell expansion (4-fold median) was achieved and no toxicities were observed, the time to neutrophil engraftment was not reduced compared with historic controls. 16 On the basis of the favorable safety and feasibility data demonstrated in this trial, a dCBT randomized trial is now currently under way in which patients are randomized to receive either 2 nonmanipulated CB units or 1 nonmanipulated unit and 1 unit expanded ex vivo. 17 Although interim analysis shows no significant difference in time to neutrophil engraftment overall, an effect was seen in a subset of patients who received reduced-intensity conditioning (median time to neutrophil engraftment of 7 days vs 14 days). 17 Similarly, Jaroscak and colleagues cultured a portion of a single CB unit for 12 days using the Aastrom Replicell bioreactor in the presence of cytokines but failed to achieve an improvement in neutrophil or platelet engraftment. 18 The above studies demonstrate that cytokine-mediated expansion methods are safe but generate only moderate increases in progenitor cell numbers with at best modest improvements in clinically relevant outcomes such as time to neutrophil recovery. These results also indicate that ex vivo enumeration of progenitor cell expansion is not predictive of in vivo behavior and that in vivo studies such as repopulating assays in immunodeficient mice are important for preclinical assessment. Furthermore, this lack of clinical success has led to a paradigm shift in current approaches to ex vivo expansion to target molecular pathways involved in stem cell self-renewal, including those that play fundamental roles in governing cell-fate decisions throughout development. Our work with the Notch signaling system is an example of one such approach.
Notch-mediated expansion and clinical translation
In the early 1990s we postulated that, as in other developing systems, hematopoietic stem cell-fate specification resulted from intercellular interactions with adjacent cells and was modulated by several families of molecules, including the Notch gene family. 19 At that time, the Notch pathway was particularly well studied in invertebrate systems with clear evidence that Notch played an important role in mediating intercellular interactions affecting cell-fate decisions within the CNS, eye, mesoderm, and ovaries. 20, 21 In mammals, 4 Notch receptor homologs (Notch 1-4) and 5 ligands (Jagged 1 and 2 and Delta 1,3, and 4) have now been identified. 22 Notch signaling is activated as a result of binding of the receptor extracellular domain (ECD) to ligand expressed by adjacent cells. This renders the receptor susceptible to a series of proteolytic cleavage events as a result of conformational changes in or removal of the ECD, which protect the transmembrane/ intracellular domain (ICD) from proteolytic cleavage. This cleavage leads, in turn, to release of the constitutively active ICD of Notch, which traffics to the nucleus where it binds directly to the transcription factor CSL (CBF1/RBPJ), converting it from a transcriptional repressor to a transcriptional activator. 23 This binding results in expression of a broad group of target genes, including the transcriptional repressors HES1 and HES5, which are able to inhibit expression of genes required for B-cell and myeloid differentiation. 24, 25 Differential activation of Notch target genes results from selective activation of the different Notch receptors as a result of specific ligand interactions, leading to different cellular outcomes. For example, activation of Notch1 by Delta ligands 1 and 4 is required for inducing T-cell and inhibiting B-cell differentiation, whereas Notch2 activation by Jagged1 and possibly Delta1 is sufficient to induce effects on HSPCs. [26] [27] [28] Initial studies to determine whether Notch was expressed in human hematopoietic precursors and might similarly play a role in HSC cell fate determination revealed the presence of at least one Notch homolog in the CD34 ϩ lineage-negative bone marrow cell population known to be enriched for hematopoietic precursors. 29 This receptor, now termed Notch1, was determined identical to one cloned by Ellisen et al that was involved in a translocation associated with T-cell leukemia. 30 Further studies demonstrated that overexpression in HSCs of the truncated form of this receptor inhibited B-cell differentiation while promoting T-cell differentiation and inducing T-cell leukemia. 31, 32 Although loss-of-function approaches failed to show an effect on the hematopoietic stem cell in adult mouse models, 26, 33, 34 we postulated that masking of the Notch-mediated effects on HSCs occurred because of compensatory mechanisms in vivo such as those mediated by cytokines. To test this hypothesis, we used a retrovirus to express the constitutively active ICD of Notch1 in primary murine HSCs that were then cultured ex vivo. This led to the emergence of an immortalized pluripotent cytokine-dependent cell line capable of both lymphoid and myeloid repopulation in vivo, thereby demonstrating a role for Notch in HSPC self-renewal. 35 Although at the time a biologic function for Notch in HSPCs was not determined, this work suggested that manipulation of the Notch signaling pathway ex vivo in primary HSCs could prove to be a novel approach for expanding HSPCs. Moreover, recent studies have helped elucidate a biologic function for Notch in hematopoiesis, where Notch2 signaling delays differentiation and enhances generation of HSPCs during marrow reconstitution ( Figure 1 ). 28 To avoid the potential safety concerns of retroviral transduction, we chose an approach activating endogenous Notch signaling in HSPCs during culture. We engineered Notch ligands consisting of the ECD of the Notch ligands Jagged1 and Delta1 for this purpose. [36] [37] [38] Notch ligands activate their receptors by physically pulling on the ECD in vivo; thus immobilization of the ligand proved necessary to activate endogenous Notch signaling in vitro. 36 Using an immobilized form of the Notch ligand Delta1, we were able to sufficiently activate endogenous receptors and induce expansion of murine stem progenitor cells capable of in vivo reconstitution similar to that seen in the retroviral-mediated Notch overexpression experiments. 38 In fact, culture of murine hematopoietic precursors with the immobilized ligand Delta1 and cytokines (SCF, IL-6, IL-11, Flt-3 ligand) resulted in a several-log increase in progenitors capable of short-term lymphoid and myeloid repopulation. 38, 39 Although these expanded cells appeared limited to shortterm and not long-term repopulating stem cells, it is possible that dilution of the HSC population occurred with the extensive expansion.
Given the clinical need for large numbers of hematopoietic progenitor cells capable of providing rapid myeloid recovery in vivo, especially in patients undergoing CBT, we extended our ex vivo expansion approach to human HSPCs, where we noted a response of CB HSPCs to Notch ligands. 40, 41 With further optimization, we found that incubation of CD34 ϩ CB HSPCs with the immobilized ligand Delta1 combined with fibronectin fragments and cytokines (SCF, TPO, Flt3 ligand, IL-3, IL-6) led to a 222-fold increase in the number of CD34 ϩ cells after 17 days in culture compared with input cell number. Furthermore, we demonstrated a nearly 16-fold increase in NOD/SCID mouse repopulating cell frequency when cultured on Delta ligand compared with uncultured cells. 42 The ability of these human cells to rapidly reconstitute the myeloid compartment in immunodeficient mice indicated their potential clinical utility. In contrast to our studies using primary murine HSPCs, in vivo persistence of transplanted cells at 9 weeks and secondary transplantation studies suggested the presence of both long-term and short-term repopulating cells following culture of human CB progenitor cells on Delta ligand.
A key aspect of these studies was determination of whether the magnitude of Notch signaling played a role in the optimal generation of repopulating cells. Murine studies found that the relatively lower amount of Notch signaling induced in cells cultured with lower densities of Delta1 led to self-renewal of progenitors with primarily B-lymphoid and myeloid potential, whereas higher amounts of Notch signaling inhibited B-cell differentiation and promoted differentiation toward the T-cell lineage. 43 Concurrent studies with human CB also revealed important ligand dose-dependent effects whereby relatively lower densities of immobilized ligand substantially enhanced generation of NOD/SCID repopulating cells, whereas higher ligand densities promoted differentiation toward the T-cell lineage at the expense of repopulating cells. 41 This in vitro requirement for different strengths of Notch signaling presumably reflects selective in vivo usage of specific Notch receptor homologs with differing transcriptional activating strengths. For example, Notch2, which promotes HSPC self-renewal, may be a less potent transcriptional activator than Notch1, which is required for T-cell differentiation. 28 On the basis of these promising preclinical studies, this methodology using an engineered Notch ligand for the ex vivo generation of increased numbers of CD34 ϩ cells is now under clinical investigation. In an ongoing phase 1 clinical trial, patients undergoing a myeloablative CBT are receiving one nonmanipulated CB unit along with a second CB unit that has undergone Notch-mediated ex vivo expansion. 42 In the first 10 patients enrolled on this trial, an average of 6 ϫ 10 6 CD34 ϩ cells/kg resulting from an average 164-fold expansion of isolated CD34 ϩ cells were co-infused with an average 2.4 ϫ 10 5 CD34 ϩ cells/kg from a second nonmanipulated unit. These cells were safely infused and led to a significant reduction in the time to neutrophil engraftment. A median time to absolute neutrophil count (ANC) Ն 500/L of 16 days was observed in those receiving the expanded unit compared with 26 days in a concurrent cohort of 20 patients receiving dCBT with the same conditioning and posttransplantation immunosuppressive regimen. We also demonstrated a statistically significant improvement in median time to achieve an ANC Ͼ 100 cells/L (9 vs 19 days), a potentially important metric based on its association with improved survival after allogeneic stem cell transplantation. 44 In addition, comparable overall survival and GVHD risk to those receiving nonmanipulated CB grafts was observed, with an average follow-up of 354 days. In addition, acute grade 2 GVHD was observed in all evaluable patients with the exception of acute grade 3 GVHD in one. Additionally, chronic extensive GVHD has not been observed, although 3 patients have been diagnosed with chronic limited GVHD. 42 Furthermore, preliminary evaluation of time to platelet engraftment compared favorably in those receiving the expanded cell product compared with recipients of double nonmanipulated CB grafts (C.D., I.D.B., unpublished data, December 28, 2010). Interestingly, whereas peripheral blood leukocytes at 7 days were derived from the expanded units in all patients, at the time of achieving early 
with an ANC Ն 500/L only half of the patients demonstrated predominant engraftment with the expanded CB unit while the other half had engraftment derived from the nonmanipulated unit, suggesting that the expanded unit may have facilitated engraftment by the nonmanipulated unit. 42 In contrast with our murine stem cell studies, it is encouraging that 2 of the 10 patients demonstrated persistence of the expanded graft 180 days after transplantation, suggesting maintenance of some longer-term repopulating progenitor cells despite ex vivo expansion. It remains unclear whether the lack of long-term engraftment from the expanded unit in the other 8 patients represents loss of stem cell self-renewal capacity after in vitro culture or is indicative of immune-mediated rejection of the expanded unit (which is devoid of T cells) in vivo. In fact, our studies have also demonstrated T cell-mediated effects to be responsible for rejection of one of two infused CB units in conventional dCBT. 45 Thus it was surprising that in vivo persistence of cells derived from the expanded unit survived longer term in the 2 patients as we anticipated eventual rejection of the expanded cell graft by the T cell-containing, nonmanipulated unit. Although these preliminary studies of Notch-mediated expansion of CB repopulating cells point to the promise of expanding stem cells to achieve clinically relevant effects, phase 2 and 3 trials will be necessary to evaluate whether co-infusion of this expanded cell product decreases the occurrence of serious infection, improves survival, or affects duration of hospital stay in recipients of CB grafts.
Other emerging approaches to ex vivo expansion
We expect that our studies will be the first of many successful approaches for HSPC expansion. There are currently numerous approaches under investigation that include ones based on culture with stromal elements to provide a "niche" for stem cell selfrenewal or have targeted defined molecules to achieve ex vivo expansion. In the following sections we will review multiple different approaches, beginning with those in early clinical trials followed by those with clear preclinical evidence for HSC expansion and concluding with potential future targets for expansion based on promising murine data. Direct comparisons of the multiple preclinical approaches, however, are difficult, in particular because critical data on ex vivo expansion of repopulating cells are often insufficiently quantified. However, where available, we have highlighted in vivo repopulating assay results, as these are currently the best available surrogate for possible future clinical utility.
Approaches in early clinical trials Stromal cell-based culture
The hematopoietic microenvironment comprises HSCs as well as nonhematopoietic cells that are thought to provide many of the molecular signals necessary for directing HSC self-renewal and proliferation as well as regulating their differentiation. Coculture of HSCs with stromal cells and growth factors has been utilized in an attempt to recapitulate these interactions ex vivo to expand HSPCs. To date, mesenchymal stem cells (MSCs) have shown the most promise for use ex vivo as they are plastic adherent and seem to restore stromal interactions seen in the BM. 46 Preclinical work by Shpall and others coculturing MSCs and either CB or adult progenitor cells has demonstrated modest expansion of the progenitor cell population. 46, 47 Using the dCBT platform and a myeloablative conditioning regimen, Shpall and colleagues are currently translating this to the clinic by combining a nonmanipulated CB unit with a unit that has been expanded for 14 days in the presence of cytokines (SCF, Flt-3 ligand, G-CSF, and TPO) on either family member donor-derived MSCs or "off-the-shelf" MSCs (Angioblast Ltd). On day 14 the cells are washed and infused following the infusion of the nonmanipulated CB unit (Elizabeth J. Shpall, University of Texas M. D. Anderson Cancer Center, oral communication, November 5, 2010). [48] [49] [50] To date, they have demonstrated a median 40-fold expansion of CD34 ϩ cells and a median time to neutrophil and platelet engraftment of 15 (range 9-42) and 40 (range 13-62) days, respectively. There were no toxicities attributable to the expanded cells. Thirty-one (97%) and 26 (81%) of all patients engrafted neutrophils and platelets, respectively, and 1 patient died before engraftment. 50 These studies confirm a potential role for cell-based HSPC expansion methodologies and suggest the need for further investigation to define the molecules responsible for these effects.
Copper chelator: TEPA
On the basis of studies suggesting that cellular copper is involved in the regulation of proliferation and differentiation of the HSPC, 51, 52 Peled et al cultured CD34 ϩ 38 Ϫ CB HSPCs with the copper chelator tetraethylenepentamine (TEPA) and cytokines (TPO, Flt3 ligand, IL-6, and SCF) and found an average of 17-fold and 159-fold increase in CD34 ϩ cells after 3 and 7 weeks in culture, respectively, compared with input cell number. 53,54 More importantly, cells cultured with TEPA appeared to show improved NOD-SCID engraftment in a single analysis performed 8 weeks after transplantation, although the increase in repopulating cells was not enumerated. In a phase 1 trial, Shpall and colleagues cultured a portion of a single cord blood unit with TEPA and cytokines and co-infused these cells with the remainder of the untreated cell fraction. Although this methodology was safe and resulted in engraftment in human subjects, it did not improve the time to neutrophil or platelet engraftment compared with previous published reports. 55 A phase 2/3 study is under way in more than 25 centers in the United States, Europe, and Israel, to evaluate the safety and efficacy of this approach ("StemEx") in 100 patients with advanced hematologic malignancies. Interim results, however, are not yet available (David A. Synder, Gamida Cell Ltd, written communication, November 13, 2010 ).
PGE2
Using a high-throughput screen to identify novel regulators of HSC self-renewal and proliferation, North et al identified prostaglandin E2 (PGE2) as capable of enhancing HSC formation in zebrafish. 56 Furthermore, when murine cells are briefly incubated (1-2 hours) ex vivo with PGE2 before transplantation, significantly higher numbers of repopulating cells are generated in a limiting-dilution transplantation model compared with uncultured control cells (3.3-fold at 6 weeks, 2.3-fold at 24 weeks). 56 Although its precise mechanism of action is unknown, PGE2 has been shown to interact with the Wnt pathway by increasing ␤-catenin expression levels. 57 In addition, PGE2 may enhance HSC homing through upregulation of CXCR4 and survival through Survivin, a protein known to regulate survival and apoptosis through p21. 58 This brief ex vivo incubation with PGE2 is currently being tested in a clinical trial in which adults with hematologic malignancies receive a nonmyeloablative conditioning regimen followed by dCBT in which 1 of 2 CB units has been incubated with 16, 16-dimethyl prostaglandin E2 before infusion (Pratik S. Multani, Fate Therapeutics, written communication, October 22, 2010) .
Preclinical approaches AhR antagonist
Also using a high-throughput screen, Boitano et al identified an aryl hydrocarbon receptor (AhR) antagonist (StemRegenin1 or SR1) capable of enhancing CD34 ϩ cell generation from the blood of mobilized donors. 59 Using CB progenitors, culture with cytokines plus SR1 led to a 669-fold increase in the number of CD34 ϩ cells at 3 weeks and a 17 100-fold increase with longer-term culture of 5 weeks compared with input cell number. Most important, however, is that CB cells transplanted after 3 weeks in culture demonstrate a 17-fold increase in the number of cells with the ability to repopulate immunodeficient mice compared with uncultured cells or cells cultured with cytokines alone. In addition, SR1-treated cells demonstrated enhanced long-term engraftment with 12-fold improvement in repopulation capacity following secondary transplantation. Whereas it is known that the AhR is expressed on HSCs and has been implicated in pathways regulating hematopoiesis including HES-1, Pu.1, C/EBPbeta, ␤-catenin and others, the precise mechanism whereby an AhR inhibitor might induce HSPC self-renewal remains unknown. 59
Novel cytokines
Three recently described soluble growth factors that are produced by the endothelium-Angiopoietin-like 5 (Angptl5), IGFBP2, and pleiotrophin-may significantly enhance HSPC expansion ex vivo when used in concert with conventional cytokines. 60,61 Culture of CD133 ϩ CB cells for 10 days with Angptl5 and/or IGFBP2 led to significantly improved in vivo reconstitution in NOD/SCID mice at 2 months after transplantation (0.8% vs 11.3%, 17.3%, and 39.5% human engraftment for standard cytokines vs standard cytokines plus IGFBP2, Angptl5, or both, respectively) as well as enhanced secondary transplantation, although the fold expansion of total nucleated cells in vitro did not differ significantly from cytokine alone containing cultures. 60 Pleiotrophin, which has been found essential for maintenance of murine HSCs, has recently been shown to modestly enhance ex vivo human CB HSPC expansion (approximately 40-fold expansion of CD34 ϩ 38 Ϫ cells compared with input cell number after 7 days in culture) as well as in vivo reconstitution of immunodeficient mice with 3-fold improved human engraftment at 4 weeks and a 7-fold increase at 8 weeks after transplantation compared with uncultured control. 61 This factor, which was identified initially in brain endothelial cells, may activate the PI3-Kinase/AKT and Notch pathways by alleviating activation of its receptor, receptor protein tyrosine phosphatase-␤/. 61,62
HOXB4
Overexpression through cellular modification of the homeobox gene HOXB4, a regulator of hematopoietic differentiation, has led to expansion of murine as well as human HSPCs. 63, 64 To avoid genetic alteration of the HSCs, human CB CD34 ϩ cells have been expanded by culture in the presence of a stromal cell layer expressing a HOXB4 fusion protein that is passively taken up by the CD34 ϩ cells, resulting in a 2.5-fold increase in long-term repopulating cells compared with uncultured control. 65 Future studies with continuous presentation of this relatively unstable protein or development of more stable protein forms may prove an effective strategy for ex vivo expansion.
Other potential molecular targets
A variety of other molecules known to play roles in stem cell self-renewal, development, and cell-cycle regulation have also attracted interest, although to date they have not been manipulated for significant ex vivo expansion. Forced overexpression of ␤-catenin, a downstream effector of Wnt signaling, results in significant ex vivo expansion of murine HSCs. 66 However, the role of the Wnt pathway in stem cell self-renewal based on gain-and loss-of function studies of Wnt pathway components remains controversial. 67, 68 In studies with human CB progenitors, manipulation of the Wnt pathway through overexpression of Wnt5a or with glycogen synthase kinase-3B (GSK-3B) inhibitors did not augment expansion when added ex vivo to cultures but did enhance engraftment when infused in vivo after transplantation in irradiated mice. 69, 70 It remains unclear, however, whether these outcomes result from direct effects on HSCs or are indirectly mediated through marrow stromal interactions. Other pathways known to regulate stem cell development, including Sonic Hedgehog and BMP-4, may also prove effective for human hematopoietic stem/ progenitor cell growth and self-renewal and deserve further exploration. 71, 72 Activation of the PI3-Kinase-AKT pathway because of inactivation of the negative regulator PTEN results in short-term HSC expansion but with long-term exhaustion of the stem cell pool. 73 Inactivation of the cyclin-dependent kinase inhibitors p16Ink4a and p19Arf augments stem cell self-renewal in knockout murine models. 74, 75 Finally, p21, a downstream target of p53, has been implicated in stem cell quiescence as p21 Ϫ/Ϫ mice demonstrate significantly impaired stem cell self-renewal. 76 Thus there are compelling murine data that these molecular pathways play an important role in the regulation of HSC self-renewal and may be applicable in human studies. It is possible, however, that manipulation of these pathways, particularly those with tumorsuppressor function, may permit accumulation of mutations during stem cell culture, generating potentially oncogenic cells.
Opportunities, challenges, and future directions
Further improvements in the ex vivo generation of HSPCs will undoubtedly be forthcoming by some combination of the abovecited and yet-to-be-developed methods to manipulate different pathways supporting the proliferation, self-renewal, and survival of HSPCs. For example, whereas activation of the Notch pathway is able to inhibit HSPC differentiation, the addition of other factors that enhance proliferation and/or survival might be expected to increase the numbers of both long-term repopulating HSCs and short-term repopulating progenitors, perhaps allowing for future sole use of expanded CB in the absence of a nonmanipulated unit. Furthermore, cross-talk between pathways such as the Notch and Wnt pathways may lead to synergistic effects. In addition, provision of appropriate substrates in cultures, such as integrins, 77 may further enhance HSPC self-renewal. Finally, we expect the development of approaches that will enhance the ability of ex vivogenerated HSPCs to home and survive in vivo. For example, agents that inhibit CD26 78 or alter fucosylation 79 increase the expression of molecules critical for homing properties (such as CXCR4) and PGE2 may both improve homing and in vivo survival. Future studies may also develop alternative sources of HSPCs, in particular embryonic stem cells or induced pluripotent stem cells, which may be amenable to many of the expansion methods described herein.
Despite the many promising approaches discussed, challenges clearly remain. A key issue is the expansion of the long-term repopulating HSCs. Abrogation of the prolonged neutropenia that occurs following high-dose chemotherapy and radiation for HSCT is the immediate goal of expanded cell therapies for clinical intent. As demonstrated in the clinical trial using Notch-mediated expansion of CB progenitors, this can be achieved through the generation of short-term repopulating progenitor cells capable of rapid, but transient, myelopoiesis. If truly transient, the generation of large numbers of short-term repopulating cells could also be applied to other non-stem cell transplantation therapies in which prolonged neutropenia causes increased risk of death because of infection, such as high-dose chemotherapy for AML or following accidental radiation exposure. However, other indications such as gene therapy still require expansion of long-term HSCs. In the transplantation setting, expansion of both long-and short-term repopulating cells would allow for infusion of expanded cells alone. This would allow for the use of single, expanded CB units that would previously have been considered too small for use and may allow patients to receive smaller, HLA-matched units who otherwise would have received mismatched grafts. Although our studies have suggested the presence of these long-term repopulating cells in Notch-expanded grafts, design of studies to definitively test this possibility will be problematic in the current clinical setting because of the requirement for infusion of a second immunocompetent unit, rendering long-term survival of the expanded cells unlikely. A related challenge is the need for better characterization and expansion of thymic repopulating cells as delayed immune reconstitution remains a major cause of CB transplantation-related morbidity and mortality. Although our studies 40 and others 59 have demonstrated thymic engrafting cells in immunodeficient mice, the precise cell responsible has not been determined.
Cost consideration will ultimately affect the application of stem cell expansion methodologies provided they demonstrate improved patient outcome or decreased requirement for hospitalization after transplantation. Bioprocesses involving cell selection, 80 investigation of novel bioreactors that may recreate an artificial stem cell niche, 81 effectively using or reusing media and cytokines, and 3-dimensional lattices allowing for maximal expansion 82 will certainly contribute to better optimized, cost-effective approaches. In addition, our current studies are testing whether transient engraftment in myelosuppressed patients undergoing CB HCT or high-dose chemotherapy can be achieved using ex vivo-expanded and then cryopreserved, non-HLA matched CB HSPCs. Success with this approach would potentially make small inventories of previously expanded CB HSPCs available for universal and immediate use, in contrast to the large inventories currently required to ensure availability of HLA-matched units. This methodology, which also eliminates the need for expanding CB units in real-time and allows for the future possibility of pooling several units for processing, enables a commercially feasible approach.
Also critical to the future development of these cellular therapies is the need to ensure safety of the expanded cell products, particularly when pathways that maintain genomic integrity might be perturbed, allowing for aberrant differentiation and/or oncogenesis. New techniques for global assessment of the genome and epigenome will enable assessment of whether the genome and chromatin landscape of the expanded cell populations accurately reflect their nonmanipulated counterparts and thus are predictive of appropriate cell behavior.
During the next few years, we can expect that further development of the promising methods described herein will result in substantially enhanced generation of HSPCs for clinical application, and, importantly, the effectiveness of such approaches will be tested in randomized clinical trials. We ultimately envision utilizing expanded HSPCs to significantly improve the clinical course of patients undergoing HCT or myelosuppression from high-dose chemotherapy or radiation exposure by ameliorating the severe side effects associated with these treatments and decreasing the length of their hospital stay, thus having both a clinical and an economic impact. We also believe that success in the hematopoietic system will be followed closely by success in a wide variety of stem cell-based therapies. 
